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the Japanese XFEL at RIKEN (3), will start the operations. These facilities will generate the brightest X-ray pulses in the world, with atomic scale wavelength (> 0.05 nm) and maximum peak powers (0.1−0.5 TW) order of magnitudes beyond the current capabilities of synchrotronbased X-ray sources. Throughout history, the discovery of new light sources has given rise to decisive steps forward in science, and the new XFEL facilities hold the promise of making accessible a new fundamental physical domain, thus establishing a new era in science and research. This has led to the flourishing of an incredibly large interest around the XFEL in recent years (4) (5) (6) (7) (8) (9) (10) (11) (12) (13) (14) (15) . Among the various challenges proposed -which range from extreme investigations in high-energy physics to ultrafast chemical analysis-the possibility to perform coherent diffraction imaging at the atomic scale has stirred particular interest (4, 7, 9, 10, 12, 13, 16, 17) .
The difficulties in determining the structure of proteins that cannot be crystallized, in fact, is one of the leading challenges for structural biology today, and the extremely brilliant, ultrashort, bursts of the XFEL have the potential to get around this problem; on the one hand the XFEL pulse duration (femtoseconds), is the natural time scale of elementary atomic interactions and it is expected to open the study of the evolution of fundamental processes, which could otherwise be studied only indirectly; on the other the XFEL could have the power to enable diffraction imaging of single molecules, thus overcoming conventional crystallography that works essentially through linear amplification (by observing discrete Bragg peaks resulting from the interference of regular arrangement of atoms). The initial steps for this new frontier of research have begun at the FLASH facility (18), where imaging experiments have successfully captured a time-series of snapshots showing the nonequilibrium, ultrafast transient dynamics of a nanostructured solid: the laser ablation of a silicon film (19) -with a spatial resolution of 50 nm and a temporal resolution of 10 ps-and the explosion dynamics of polystyrene spheres with diameter of 140 nm (10) . However, to reach the ultimate goal of single molecule imaging, things turn out to be more complicated. Aside from the most fundamental questions concerning the phenomenology arising from high intensity photon beam-matter interactions (which are not fully exploited) there is a practical aspect that needs to be taken into account. Atomic scale imaging of particles, in fact, will be lensless, with the far field diffraction pattern scattered by the molecule first recorded on a camera and then analyzed through a computer algorithm, which reconstructs the molecular image (4, 13, 16, 17, (20) (21) (22) . To theoretically support this approach, several empirical models of ultrashort photon pulse interactions with matter have been pursued previously (23) (24) (25) (26) (27) . However, owing to the large number of approximations employed, none have given a definitive answer to the basic question: is it possible to collect the scattering signal from an electronic ground state, to permit the reconstruction of the molecular structure? Within all these models, in fact, the primary interest is in the dynamics of atomic nuclei, while electrons are treated with very crude assumptions, ranging from simple rate equations to scattering cross sections, all of them derived in the framework of perturbative analysis of noninteracting electrons subjected to low external excitations. XFEL imaging, on the contrary, relies on the interplay between intense X-rays pulses and electron wavefunctions that, in turn, interact through nonlinear and extremely nonlocal (in space) functionals of the overall electron density (28) . An additional challenge to existing approaches also comes from the latest results obtained at LCLS, where ultrashort pulses less than 10 fs length have been generated. Simulation indicates these pulses may be as short as 2 fs with peak power levels of perhaps 500 GW. (29) . The simulation provides novel insights in the internal structure of XFEL radiation, unveiling the presence of trains of incoherent energy bursts with mean time duration as short as 200 as, whose interaction with matter cannot be modeled without a first-principle theory.
The frontier of atomic resolution imaging is still largely debated with the most problematic issues unsolved. Open questions include the photoionization and subsequent Coulomb explosion dynamics of a single molecule subjected to intense XFEL radiation (and in particular, if it could survive long enough to allow the observation of a useful diffraction signal) (9) , what is the sample far field scattering pattern and if it encodes interference fringes with sufficiently high contrast to infer structural information on the material and, last but not least, what is the role of nonlinearity that, on the basis of recent theoretical calculations made on plasma models, is expected to affect the dynamics of high energy XFEL pulses (30) .
The aim of this work is to answer to these questions. On one hand, to define the basis for present and future research in XFEL science, we develop an ab-initio model describing the nonlinear interaction of intense XFEL beams with matter; on the other, to address the above-mentioned open questions we employ a numerical parallel approach with the highly scalable code GZilla ii) we investigated the coherent imaging capabilities of XFEL sources, collecting snapshots of integrated far field diffraction patterns (as it would be retrieved by a standard camera), ions positions, electrons and electromagnetic energy density of molecules illuminated by ultrashort pulses (both in the femtosecond and attosecond regimes). We highlighted the existence of competitive dynamics on the femtosecond time scale, sustained by the strongly nonlinear nature of the electrons interactions, whose effect is to appreciably alter the electron density of the molecular system. The main conclusion of this work is that, albeit some structural information information is still retrievable in the femtosecond domain, accurate single molecule imaging will be only possible in the sub-femtosecond regime.
A first principle model and a state-of-the-art parallel solver To derive a first principle model of an ensemble of nonrelativistic atoms under the presence of a time-dependent electromagnetic field, we resort to the following quantum Hamiltonian H (31):
with atomic nuclei (electrons) defined by the charge density operator n n (n e ), the momentum 
Molecules in high intensity e.m. field: radiation damage and photoemission rates
The first series of ab-initio simulations are devoted to the study radiation damage of samples subjected to intense XFEL radiation, which is a key issue to calibrate XFEL experiments. The spatial distribution of the input source has been modeled with a Gaussian spatial profile, bounded to 100 nm, a focusing which appears feasible with the existing technology. To investigate the interplay between nonlinearity and geometry, we first considered a continuous (cw) excitation.
Parameters for wavelength and power have been chosen to match the XFEL in the high energy regime; in particular, for wavelength λ well below 1 nm, we considered the SASE 3 configuration of the European XFEL (λ = 0.4 nm, power P = 150 GW) (2). imaging-oriented XFEL application should be realized within ultrashort (≤ 1 fs) pulses.
A second key observation comes from the different behavior of H, which indicates that nonlinearity, rather than geometry, outweigh the photoionization process. In fact, as displayed in (Fig. 3 A), the distance between the nuclei (Fig. 3 B) , the electron/nuclei dynamics and the angular far field (Movie S1 and movie snapshots Fig. 4 ) time evolution of an HNCO molecule irradiated by a XFEL short pulse, constituted by a random series of Gaussian-shaped incoherent energy bursts (single burst length ≈ 200 as, overall length 2 fs), with peak power P = 500 GW and wavelength λ = 0.15 nm (Fig. 3 A dashed line) . As seen in Fig. 3 A, each XFEL energy burst pushes the HNCO ionization a step forward, appreciably damaging the molecule much before the arrival of the main pulse peak (Fig. 3 A, dashed line) . At the point of maximum XFEL intensity (≈ 1 fs), in fact, the HNCO molecule has lost three electrons; after the pulse peak,
HNCO ionization proceeds at a slower rate and at the end the radiation damage reaches a value of 23%, with more than five electrons escaped from the molecule. no preferential coupling to either nitrogen or oxygen, as witnessed by the symmetric density distribution which equally affects C and N neighbors. However, as soon as the hydrogen atom looses its coupling to the structure (Fig. 4 C) , the situation dramatically changes: the carbon and nitrogen atoms interact and evolve towards a robust multi-soliton cluster, as demonstrated by the strongly asymmetric density distribution which survives at the end of the XFEL pulse (Fig. 4 D) .
In conclusion, even by the use of short pulses and in the presence of negligible Coulomb explosion, the electronic radiation damage of molecular samples is still an issue: on one hand, it deprives the molecules of an appreciable number of electrons, on the other, it initiates a change of the electron density through the formation of preferred multi-soliton clusters, which tend to oppose sample ionization. The net effect of these two different dynamics (both sustained by the strongly nonlinear nature of the light-matter interaction process) is a qualitative and quantitative reshaping of the electron density which, in turn, leads to the inability to reconstruct the molecular structure from the far field diffraction pattern. In other words, although the few femtosecond time scale is short enough to avoid a significant Coulombian explosion of the nuclei, the sub-femtosecond (≈ 0.5 fs) electron density reshaping is still an issue for single molecule imaging experiments.
A general improvement is possible by moving to the attosecond domain, as expected on the basis of Fig. 3 A, which predicts considerably smaller radiation damage after the first energy burst (≈ 0.5 fs). Figure 5 summarizes the results of attosecond molecular diffraction: by employing a 400 as long ultrashort XFEL pulse, the far field diffraction pattern (despite the short illumination) shows good fringe contrast (Fig. 5 A) , much superior to the pattern obtained in the fs regime (Fig. 4 D) , minimal radiation damage (8.5% as calculated from Fig. 5B ) and no tendency toward nuclei explosion (Fig. 5 C) . Figure 5D , showing the difference between the previous far field diffraction pattern and the HNCO diffraction from the ground state (i.e., in the absence of any molecular damage), highlights the minimal effects of radiation damage in the attosecond diffraction regime (Fig. 5 A,D) . The sub-femtosecond domain, in other words, is sufficiently fast to minimize the nonlinear interaction dynamics of electron matter waves (Fig.   5A ) and to maintain all the nuclei bonded together (Fig. 5 C) . A computer reconstructed image from an attosecond diffraction pattern would contain all the information of the original electron density and will therefore be a true representation of the original sample.
In summary, in both short and ultrashort regimes the Coulomb explosion of the nuclei is not an issue for single molecule imaging, but the radiation damage (due to the high energy carried by the XFEL pulse) do offer some limitations to Angstrom-scale imaging. In particular, competitive dynamics originated and sustained by nonlinear electron interactions lead to a distortion of the electron density distribution in the XFEL femtosecond regime. Albeit some structural infor- 
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with i = 1, ..., N. After some algebra, we end with 1 :
with E T i = E T (R i ) [the subscript T denotes the transverse part] and the potential φ:
being Z i the atomic number of the i−th nucleus and n the quantum expectation of the electron density.
The evolution of the electron many body state |ψ , in the Schrödinger representation, is described by:
The latter, in its direct form, is unsuitable for a numerical integration due to a dimensionality bottleneck problem. The memory workload for storing the wavefunction ψ, in fact, grows exponentially as L M for an M−body system with size L. By using a tiny grid of 128 points in each spatial dimension (typical simulations fall in the range 256 − 1024 points), more than 60 millions of terabytes would be required for storing the wavefunction of just 3 electrons, which makes the problem unmanageable even in this simple situation. A more convenient formulation is provided by Time Dependent Density Functional Theory (TDDFT) (32, 36), which rewrites the single many-body problem (7) into a series of one-body problems coupled via a nonlinear potential V xc (the exchange-correlation potential), function of the electron density n, which describes the overall interaction among electrons. This formulation scales as L · M, and can be handled in a sufficiently-large supercomputing environment. As in Hartree-Fock theory and noninteracting quantum many-body dynamics (32, 37), TDDFT writes down the many body state as a Slater determinant:
with S ij = |ψ j (r i ) , and ψ j = r|ψ j playing the role of a single orbital whose evolution, according to Eq. (1), is found to be:
being A the electromagnetic vector potential and j running from 1 to M.
The equations of motion of the electromagnetic fields, finally, are obtained from:
with p = −ǫ 0 E and q = A acting as momentum and position, respectively. Equations (9) yield the following nonlinear Maxwell's set:
with a source J, representing the classical current of electrons and nuclei:
The set of equations represented by (3)- (4), (7) and (9)- (10) In particular, we considered the following equations modeling the evolution of the transverse beam:
and the next set for the dynamics of the scattered field:
which is triggered by the current J generated by electrons and nuclei through (10) and depending on the vector potential A of (11) . Such a transverse field/scattered field formulation is particularly convenient since it allows to safely neglect the transverse scattered contributions in (11), as they are orders of magnitude lower than the ultraintense XFEL beam, yielding a set of equations that can be integrated very efficiently (no mixing with transverse and total fields) and which provide an accurate description of the scattered field arising from the molecules through (12).
GZilla code implementation details
GZilla features one of the most comprehensive simulator ever realized, composed to date of more than 120000 lines of parallel code. Its analysis capabilities range from DFT ground state, to time-dependent quantum molecular dynamics in the presence of electromagnetic fields of arbitrary form. Time-dependent far-field pattern analysis is also provided. GZilla implementation has been developed by taking into account state-of-the-art methods and algorithms. In particular:
Maxwell's equations (9)- (10) The ground state DFT analysis is derived through a Rayleigh Quotient Multigrid (RQMG) eigenvalue solver (S4), within a Self-Consistent Field (SCF) iteration procedure (32) and an original guaranteed-reduction charge-mixing scheme.
